Background: Cerebrospinal fluid (CSF) analysis is an important component of the evaluation of horses with neurologic disease. Lumbosacral (LS) centesis is routine, but CSF is also collected from the space between the first and second cervical vertebrae (C1-C2).
limited by technical difficulty and perceived risk of injury to personnel and the horse. The most commonly used technique for CSF collection in horses is standing lumbosacral (LS) centesis; however, this can present a number of challenges. In overweight or muscular horses, it can be difficult to palpate landmarks, and although ultrasound-guided LS centesis can assist with needle placement, 1 it is not uncommon to obtain CSF with iatrogenic blood contamination. Blood contamination can limit the diagnostic usefulness of the sample, artifactually increasing the protein concentration and nucleated cell count in the sample, 2 or giving false-positive results when testing for equine protozoal myeloencephalitis (EPM) using Western blot analysis. 3 Although LS centesis is the technique of choice in horses with suspected spinal cord lesions or multifocal disease, if intracranial disease is suspected it may be preferable to collect CSF from a location closer to the foramen magnum. 4, 5 Finally, penetration of the dura mater with the needle has been associated with violent reactions in some horses. 4 These reactions occur rarely but can result in injury to the veterinarian, horse handler, or to the horse itself.
Until recently, the only alternative technique was atlanto-occipital (AO) thecal puncture, which typically requires general anesthesia. This technique is simpler than LS centesis but does present a greater risk of iatrogenic trauma, particularly in horses with increased intracranial pressure. [4] [5] [6] Recovery from general anesthesia presents a greater risk for horses that are weak or uncoordinated due to neurologic disease. 4 Recently, a percutaneous, ultrasound-guided technique has been described to obtain CSF from the C1-C2 space in standing horses. 7 However the description of the technical and safety aspects of the technique were reported in a small number of primarily normal horses. The C1-C2 technique has not been directly compared to LS centesis, in terms of fluid sample characteristics and ease of sample collection. Cerebrospinal fluid collected from the AO and LS spaces differs slightly in horses. 8 However, most laboratories report a single reference interval that is applied to fluid collected from either site. In dogs, distinct reference intervals are used for CSF obtained from the AO space versus the LS space due to significant differences found in the nucleated cell count and protein concentration. 9 Comparisons between CSF obtained through the C1-C2 approach and LS site, to the authors' knowledge, have not been reported. The objectives of this study are (1) to compare horse response and technical aspects of CSF collection between the 2 standing approaches on both normal and neurologically abnormal horses, (2) to compare the CSF characteristics from each site, and (3) to evaluate the centesis sites postmortem in a subset of horses.
| MATERIALS AND METHODS

| Animals
University-and client-owned horses were prospectively enrolled in this study. All experimental procedures were approved by the University of Georgia Institutional Animal Care and Use Committee for university-owned horses and the Clinical Research Committee for client-owned horses. The study population consisted of 24 adult horses, aged 2-30 years (mean 14.9 years), consisting of 8 mares and 16 geldings. Breeds represented were Thoroughbred (n = 8), Quarter Horse (n = 4), Arabian (n = 3), Warmblood (n = 2), Welsh (n = 2), Appaloosa (n = 1), Percheron (n = 1), Morgan (n = 1), Paint (n = 1), and Saddlebred (n = 1). Six horses were client-owned and presented to the University of Georgia Veterinary Teaching Hospital for a complaint of neurologic disease. Eighteen horses had been donated to the University of Georgia for conditions associated with a poor quality of life, including orthopedic disease (n = 11), neurologic disease (n = 3), nonhealing wounds (n = 1), dental disease (n = 1), pituitary pars intermedia dysfunction (n = 1), and behavioral issues (n = 1). All horses underwent a complete physical examination and neurologic examination before enrollment, and individuals were classified as normal (non-neurologic; 15 horses) or with signs of neurologic disease (9 horses). Donation horses were allowed 24 hours to acclimate to surroundings before undergoing CSF collection. Sixteen of 18 university-owned horses were euthanized 48 hours after the procedure. The horses were kept in individual box stalls with access to ad libitum water and coastal Bermuda hay for the duration of the study period.
| Cerebrospinal fluid collection
Horses were restrained in stocks for CSF collection. The procedures were performed using standing sedation with romifidine (80 μg/kg, IV; Sedivet, Boehringer Ingelheim Vetmedica, Duluth, Georgia) or detomidine hydrochloride (10 μg/kg, IV; Dormosedan, Zoetis, Parsippany, New Jersey). Cervical and LS CSF collections were performed consecutively, and an online random number generator (https://www.randomizer.org/) was used to determine the order of sampling. Lidocaine hydrochloride (100 mg; 2%; VetOne, Boise, Idaho) was infiltrated SC and into the musculature at both C1-C2 and LS sites before the final aseptic preparation of the skin to provide local anesthesia. Cervical and LS CSF collection was performed as previously described. 4 
| Data collection
Findings of physical and neurologic examinations were recorded for each horse. A neuroanatomic diagnosis was recorded for horses with neurologic disease. For clinical cases of neurologic disease, in addition to CSF analysis and EPM titers, the results of ancillary diagnostic testing including cervical radiographs were available if performed. The total time from initial needle insertion to complete sample acquisition was recorded. Gross blood contamination of any of the samples was noted. Horse response to each procedure was recorded based on a scale of 1-4 (1 = no reaction, 2 = tail swishing, small movement of head or neck, 3 = head jerk, attempted to kick or did kick, walked or jumped forward, 4 = severe adverse reaction; attempted to jump out or did jump out of stocks, fell down in the stocks). 
| Cerebrospinal fluid analysis
| Equine protozoal myeloencephalitis CSF titers
| Post-procedure monitoring
Horses were monitored with physical examinations and abbreviated neurologic examination (including cranial nerve examination, gait analysis on level ground, and cervical range of motion) twice daily for 48 hours following the procedure. Centesis sites were monitored for heat, swelling, or pain upon palpation.
| Necropsy
Sixteen of 18 horses donated to the University of Georgia were euthanized after the 48-hour monitoring period. Eleven horses underwent necropsy to evaluate for gross or histologic evidence of trauma induced by CSF collection. The cervical and LS regions were skinned to examine for changes in the soft tissues and muscle in the region of the tap. The cervical cord from the first 3 vertebrae was removed, and the canal and cord were examined for hemorrhage or other pathology.
The distal cord and cauda equina were removed from 4 inches proximal to the LS joint caudally. The canal and epidural tissues were examined for hemorrhage or other tissue injury. After fixation in 10% buffered formalin, the dura was opened to examine for subdural and arachnoid/subarachnoid hemorrhage and the cord was serially sectioned to assess parenchymal pathology. 
| Statistical design
| RESULTS
All horses had vital signs within normal limits on physical examination.
Nine of 24 horses had abnormalities on neurologic examination and were assigned to the neurologic group; all 9 had spinal ataxia localized to C1-T2 (7/9 = grade 2/5, 1/9 = grade 3/5, 1/9 = grade 4/5). One horse (grade 2/5 ataxia) also had unilateral, right-sided cranial nerve VII and VIII dysfunction.
| Reaction to CSF collection
Sixteen of 24 horses had no reaction to CSF collection from the C1-C2 space (8/9 with neurologic disease and 8/15 normal). One horse with neurologic disease and 6 normal horses demonstrated minor head movement during C1-C2 centesis (score 2/4). One normal horse demonstrated a moderate reaction (score 3/4; head jerk). Head movement appeared unrelated to dura mater puncture in all horses.
Eleven of 24 horses had no reaction to CSF collection from the LS space (7/9 with neurologic disease and 4/15 normal). Seven normal horses had a mild reaction (score 2/4; tail swish). Two horses with neurologic disease and 3 normal horses had a moderate reaction (score 3/4; kicked out) and 1 normal horse had a severe reaction (score 4/4; attempted to jump out of stocks). In all cases, the reaction was observed during presumptive dura mater puncture (based on the timing of the reaction in relation to CSF collection). 
| Level of sedation
| Comparison of CSF collected from C1-C2 and the LS space
Cerebrospinal fluid from normal horses (n = 15) and horses with neurologic disease (n = 9) from both sites were analyzed together. Cerebrospinal fluid analytes are summarized by collection site in Table 1 .
Compared to CSF samples collected from the C1-C2 site, samples collected from the LS site had a higher mean protein concentration and higher mean RBC count. One horse had visibly blood contaminated CSF collected from the LS space and was excluded from analysis.
Cerebrospinal fluid from the C1-C2 site in the same horse was not visibly blood contaminated. This horse was recorded as having 70% neutrophils and 18% lymphocytes at the LS site compared to 0% neutrophils and 80% lymphocytes at the C1-C2 site.
None of the horses with neurologic disease in this study had an EPM serum:CSF titer ratio consistent with a clinical diagnosis of EPM, and there was no significant difference in EPM titer between the C1-C2 and LS sites.
The C1-C2 site was sampled first in 15 horses and second in 9 horses. There was no significant main effect of sample collection order and no significant interaction between anatomic site and sample collection order for any of the analytes evaluated. There was no significant difference between the median time required to collect samples from the C1-C2 and LS sites (4.0 versus 5.5 minutes, respectively; P = .15). Cerebrospinal fluid collection from the C1-C2 site was unsuccessful in 1 horse that failed to respond appropriately to sedation.
| Post-procedure monitoring
All horses had normal vital signs after CSF collection. No neurologic deficits were noted in previously neurologically normal horses, and there was no change in neurologic examination findings in horses with neurologic disease. Three horses had mild swelling and sensitivity to palpation at the site of C1-C2 CSF collection. One horse had mild swelling at the site but no sensitivity on palpation. Sensitivity to palpation resolved by completion of the 48-hour monitoring period. One horse that had subarachnoid, epidural, and musculature T A B L E 1 Estimated marginal means (95% confidence intervals) for CSF analytes collected on the same day from cervical (C1-C2) and lumbosacral (LS) anatomic sites in 24 adult horses, adjusted for the order of sample collection In the 3 horses with neurologic disease that underwent postmortem examination, diagnoses of C2-C3 articular facet dysplasia with degenerative intervertebral discs (n = 1), cholesterol granuloma within the lateral ventricle (n = 1), and C7-T1 intervertebral disc degeneration (n = 1) were made.
| Necropsy
| DISCUSSION
Based on the findings in this study, CSF can be successfully collected from both the C1-C2 and LS sites in standing, sedated horses. Horse responses vary widely, but reaction to needle placement at the C1-C2 site was more predictable and well tolerated than reactions to needle advancement in the LS space.
When the horse with marked blood contamination of CSF from the LS space was excluded from analysis, the only statistically significant differences were decreased RBC count and protein concentration in CSF from the C1-C2 space compared to CSF from the LS space. Decreased RBC contamination of CSF from the C1-C2 space is clinically relevant, as blood contamination of CSF can falsely increase protein concentration in CSF, affect cytologic interpretation due to artifactual increases in nucleated cells, and can result in false-positive results when using Western blot testing for EPM. 2, 3 Although the mean RBC count for CSF from both sites was below the cutoff for blood contamination for Western blot analysis (>50 RBC/μL), 10 CSF collected from the LS space had >50 RBC/μL in 12 horses (50%) versus only 3 horses (13%) of samples collected from the C1-C2 space. Protein concentration for both sites was within previously described reference intervals 4 (49.0 mg/dL C1-C2 versus 52.1 mg/dL LS). Therefore, the difference in protein concentration is unlikely to be clinically relevant.
Normal horses appeared to be more reactive to CSF collection, in particular to penetration of the dura mater during LS centesis, with 4 of 15 (27%) normal horses having no reaction to dura penetration during LS centesis, compared to 7 of 9 (78%) horses with neurologic disease. Likewise, although reaction to C1-C2 centesis did not appear directly related to dura penetration, 8 of 9 (89%) horses with neurologic disease had no reaction to the procedure compared to 8 of 15 (53%) normal horses. There was no obvious difference in the degree of sedation achieved between the normal and neurological horse groups. Further study may be warranted to investigate whether there is a significant difference in reaction to CSF collection between normal horses and horses with neurologic disease, and the clinical relevance of this observation.
In a previous description of C1-C2 CSF collection, 7 morphine sulfate was used to decrease the anticipated reaction to dura penetration. In this study, sedation with an alpha-2 agonist alone was chosen to avoid the use of controlled drugs. Lidocaine hydrochloride, infiltrated in the subcutis and muscle of planned needle puncture location, was used to reduce reaction to needle penetration through the skin and cervical musculature. In all horses that demonstrated head movement during C1-C2 centesis, this occurred during needle passage through the cervical musculature. Although it was perceived that there was minimal reaction to dura penetration, the addition of an opioid such as morphine sulfate may be beneficial in reducing head movement during all stages of the procedure. Additional lidocaine infiltration in the SC tissues and cervical musculature could also theoretically reduce adverse reactions to the procedure. Horse temperament influenced the ease of sample collection using cervical centesis.
Highly strung, head-shy horses or those with a poor response to sedation were more reactive to all stages of the procedure, including prep- with technical difficulties during the procedure. 11 Clinical signs of subarachnoid hemorrhage in humans include pain at the level of the hemorrhage, and neurologic dysfunction. 12 The development of subarachnoid hematoma and subarachnoid air has been described in a horse undergoing myeloscopy. 13 The horse developed neurologic deficits after surgery that resolved within 7 days. Although subarachnoid hemorrhage in the cases described here was subclinical, it should be considered a risk factor for the procedure, and horses should be closely monitored for local pain or neurologic dysfunction following C1-C2 centesis. Of the 11 horses submitted for necropsy, 7 horses were enrolled early in the study and 4 were enrolled in the later stages. Five of the 7 horses with subarachnoid hemorrhage were enrolled early in the study, compared to 2 of the 4 enrolled later in the study. The authors hypothesize that operator inexperience contributed to the increased incidence of subarachnoid hemorrhage following C1-C2 centesis. Unfortunately, a limitation of this study is the small number of horses that underwent necropsy, and the fact that the majority that underwent necropsy were enrolled earlier in the study. This precludes statistical comparison of complications between horses enrolled early in the study versus later. However, it is likely that the risk of complications is higher when C1-C2 is performed by an inexperienced operator.
The finding at necropsy of spinal cord parenchymal hemorrhage secondary to cervical centesis in 1 horse illustrates that this technique is not without risk. There was no indication during the procedure that spinal cord penetration had occurred, either ultrasonographically or in horse reaction. The horse in question was the 10th enrolled in the study, by which time operator experience had improved as evidenced by the time of CSF collection and the number of needle redirections required. However, the horse had an anxious temperament and appeared refractory to sedation. No reaction was observed specifically during penetration of the dura mater, but the horse exhibited repeated jerking head movements during sterile preparation of the skin for the procedure and during CSF collection. No neurologic deficits were observed during or after CSF collection, and there was no pain or swelling observed at the centesis site during the 48-hour monitoring period. In the authors' opinion, spinal cord penetration occurred in this case as a consequence of the horse's refractory behavior; therefore, it should be considered that some horses may not be appropriate candidates for this procedure due to temperament.
Limitations of this study include the small number of horses with neurologic disease and the fact that none of the neurologic horses enrolled had abnormalities in their CSF. This precluded assessment of whether C1-C2 CSF collection may provide more useful information than LS CSF collection in cases of intracranial neurologic disease. Evaluation of C1-C2 CSF collection in horses with meningitis and encephalitis is warranted. Equine protozoal myeloencephalitis serum:CSF titers were also not consistent with clinical EPM in any case. Further study is required in horses with EPM serum:CSF titer ratios <100 to confirm that the site of collection does not have an effect on EPM titers in CSF. A larger sample size of horses enrolled in the study might have identified more subtle differences in CSF collected from the 2 sites.
This study demonstrates that the degree of difficulty is similar between C1-C2 and LS centesis. In horses with neurologic disease, particularly those with hind limb ataxia, C1-C2 centesis might be technically less challenging than LS centesis and might also involve less risk to the veterinarian performing the procedure due to positioning at the front of the horse versus close proximity to the hind limbs. 
